The microstructure of the carbonized layer of the low-density resin-based ablative thermal insulation material is observed, and multiscale unit cell models are established for the residual carbon deposition mode of a carbonization process, and then the thermal conductivity coefficient is predicted using the finite element method. The heat transfer characteristics of a carbonized material are discussed and studied. The results show that among the several models established, the thermal conductivity coefficient obtained by the cross-linked model of matrix carbonization is more accurate, and the deviation compared with the experimental results is within 20%, which is more consistent with the actual heat transfer mechanism. At the same time, the finite element random model is used to predict the thermal conductivity coefficient. The results show that the deviation between the numerical results and the experimentally measured thermal conductivity coefficient of the carbonized layer is within 10%, showing that the accuracy of the finite element random model is significantly higher than that of the dual-scale unit cell model. The carbon deposition model can accurately predict the heat transfer characteristics of the carbonized layer.
1. Introduction 1.1. The Ablative Thermal Insulation Material. Ablative thermal insulation material often covers the surface of the air vehicle to keep the inner temperature steady. Figure 1 is the material specimen, and we can see that the surface of the specimen is different from the inner part. It is because the surface has been suffered from the aerodynamic heating of ground experiment. So the surface has become the loose layers of carbon, and it is different from the original layer. Figure 2 shows the layered structure of a kind of ablative thermal insulation material called the PICA (PhenolicImpregnated Carbon Ablator) [1] . The surface of the specimen is a carbonized layer, the back of the specimen is the original layer, and there is a transition area called the pyrolysis layer located between the carbonized layer and the original layer. The characteristic of the pyrolysis layer is very complicated because of the pyrolytic part and the original part mixed. The purpose of this article is to explore the heat transfer properties of the carbonized layer of the thermal insulation material.
Research Progress on Heat Transfer Characteristics.
As for the mesoscopic heat transfer characteristics, generally, there are three methods: they are the theoretical method, empirical method, and finite element method.
For the theoretical method, the methods include the onedimensional heat conduction method, serial and parallel structure method, and homogenization method, and they are used to calculate the coefficient of thermal conductivity of some composite materials [2] [3] [4] .
For the empirical method, four empirical formulas were used to predict the effect of lamellar holes of fiberreinforced composites on effective thermal conductivity; this work was done by Al-Sulaiman et al. [5] .
For the finite element method, the focus was on the establishment of the unit cell model; the calculation process was to be done by the finite element method. Some scholars use this method to make prediction of the effective thermal conductivity of some composite materials such as ceramic matrix composites, braided composite material, and microsphere composite [6] [7] [8] .
Research Progress on Microstructure Analysis of Carbonized Layers.
In order to analyze the microstructure of carbonized layers, some scholars prepared a kind of insulation material called the EPDM (Ethylene-Propylene-Diene Monomer) and made some research about the microstructure of the original and carbonized layers [9] [10] [11] [12] [13] . Characterization facilities such as the SEM (scanning electron microscope), TEM (transmission electron microscope), and cone calorimeter were often used to study the microstructure of the thermal insulation material [14, 15] .
Simulation methods were also used in the analysis of the carbonized layers. Through simulation methods, they can often acquire the carbonation rate, quality ablation rate, and the amount of carbon consumption and compare them with the experimental results [16, 17] .
Existing research focuses more on the heat transfer characteristics of the thermal insulation material's original layer, for carbonized layers, focusing more on mechanical performance or the heat transfer and mechanical performance from the macroscopic scale.
In the authors' previous article "Prediction of Meso-Heat Transfer Characteristics of Resin-Based Ablative Materials" of the Chinese Journal of Aeronautics, the theoretical model of different scales and two-dimensional finite element random model were established to forecast the heat transfer characteristics, and the influence of mesoscopic parameters on the heat transfer characteristics was discussed. After external heating, the matrix and the wall of microspheres will all be carbonized and the carbonized matrix will be deposited on the surface of the microspheres, forming a very complicated and loose mesostructure. For the depositional mode and the heat transfer characteristic of carbonized layers, previous research was conducted. The heat transfer mechanism of the ablative thermal insulation material is very complicated; it includes the thermal conduction, thermal convection, and thermal radiation. In order to explore the relationship between the heat transfer characteristics and the mesostructure, here, we explore the heat transfer characteristics at room temperature, so we do not consider the thermal radiation. Skochdopole found in the experiment that for the hole whose diameter was less than 4 mm, there was no natural convection of the gas [18] . The pore size is very small; its equal diameter is far less than 4 mm, so we ignore the thermal convection. Exploring the heat transfer characteristic is very important because the carbonized ablator normally provides the most efficient thermal protection shield for the major portion of a manned entry vehicle [19] . So the depositional mode after carbonization and the heat transfer characteristic in mesoscopic scale at room temperature of the thermal insulation material are necessary to be studied.
Microstructure Investigation
The specimen in Figure 1 was acquired by a stagnation point test in a high-frequency induction heating wind tunnel, the heat flux is 370 kW/m 2 , the gas total enthalpy is 6.5 MJ/kg, the stagnation pressure is 1700 Pa, and the time is 345 s.
In order to know what the microstructure of the ablative thermal insulation material is, we use the scanning electron microscope. First, we get several small pieces of samples 2 International Journal of Aerospace Engineering containing both the original layer and the carbonized layer from the specimen in Figure 1 as shown in Figure 3 . The sample includes the carbonized layer, the pyrolysis layer, and the original layer. The sample to be observed should be ultrasonically cleaned and dried. Then, we use the scanning electron microscope to get the microstructure image. As the scanning electron microscope needs a sample which is in good electrical conductivity and the ablative insulation material is nonconducting, so it should be gold planted firstly. Then, we get the microstructure image of the original and the carbonized layer, and they are separately shown in Figures 4 and 5. It can be easily found that the microspheres of the original layer shown in Figure 4 are nearly complete and the microspheres of the carbonized layer shown in Figure 5 are broken. The broken microspheres of the carbonized layer are mainly caused by the ablation effect. It is not the reason of ultrasonic cleaning because both the original and the carbonized layer are all ultrasonically cleaned, and according the work of Li et al. [20] , the surface of the carbonized layer is usually compact and can resist the airflow so the ultrasonic cleaning will not destroy the microspheres. On the other hand, Zhang et al. and He et al. [21, 22] study the alginate microspheres' mechanical properties through the ultrasonic effect, and the microspheres were not broken in the effect of the ultrasonic effect.
It can be seen from Figure 4 that the original ablative thermal insulation material includes phenolic hollow microspheres, fiber, and the phenolic resin matrix. And they are randomly distributed. The resin matrix makes the microspheres and fibers adhere to each other. After heating with high temperature, the phenolic will pyrolyze and convert into carbon. So the wall of the microspheres and the resin matrix will all convert into carbon, and their volume will shrink. As shown in Figure 6 , the porosity increases significantly compared with the original layer. According to the microstructure image, the geometrical characteristics of the material components are statistically analyzed, including the distribution of the microsphere radius, fiber length, and fiber diameter.
We use the software of Image Pro Plus to analyze the mesoscopic size including the microsphere and the fiber. Figure 7 is the microsphere's outer radius distribution histogram of the carbonized layer; Figures 6 and 8 are the fiber length and fiber diameter distribution histogram, respectively. It can be seen that after carbonization, microspheres' outer radius, fiber length, and diameter are approximately in line with Gaussian distribution, which can be described as
where x denotes the mesoscopic parameter such as the microsphere radius, fiber length, and fiber diameter and y is the distribution ratio. The fitting results of each size distribution and Gaussian function are shown in Figures 9-11 , respectively.
After carbonization, the fraction of the residual carbon is 30% of the original material layer [23] . Each component's parameters of the original layer provided by the place where the materials are synthesized are shown in Table 1 . The volume fraction is calculated by the mass fraction, the density, and the basic law of physics. The thermal conductivity According to the carbon residue rate and the data in Table 1 , we can get the parameters of each component of the material after carbonization as shown in Table 2 . The thermal conductivity values of each component in Table 2 are also provided by the place where the materials are synthesized.
Models and Analysis
As can be seen from Figures 6-8, the fiber length scale is bigger than the microsphere and pore scale by an order of magnitude. According to the concept of mesomechanics, the thermal performance can be analyzed by two different dimensional models, i.e., the microsphere scale model and the fiber scale model. The microsphere scale model consists of the matrix, microsphere, and pore, and the fiber scale model consists of the fibers and the equivalent material from the microsphere scale model for the thermal conductive analysis. Figure 12 shows detailed structure images of the carbonized layer of a resin-based ablative material. From Figure 12 (a), it can be seen that small carbon particles form after carbonization of the matrix and are deposited on microspheres or mixed with them. From Figure 12 (b), it can be seen that a part of the carbonized matrix was deposited on the surface of microspheres and another part crosslink between them; the rest of matrix was deposited on the surface of fibers. Figure 13 shows the structure of the carbonization layer and the deposition mode of the EPDM insulation material clearly. The carbonization layer is the first barrier against the ablation of insulation materials, so it is the first to be subjected to thermal-chemical ablation and particle and gasmechanical erosion [20] . The carbonization layer usually has a compact surface which is formed by redeposition which is initially porous. And the rest of the carbonization layer is usually porous. However, compared to the porous carbonization layer, the compact surface is very thin, which can be seen clearly in Figure 13 .
On the basis of these analyses, several kinds of the carbon deposition model can be set up.
3.1. Models of Microsphere Scale. From the mesoscopic structure image of Figures 5 and 12 , it can be seen that after carbonization, the resin matrix pyrolyzes and its volume shrinks. In most of the carbonized matrix deposit between microspheres, a small number of matrix were deposited on the surface of fibers. The heat transfer characteristics will be studied by three carbon deposition models.
3.1.1. Wrapper Model. Assume that the matrix is completely attached to the microspheres after carbonization, and the microspheres are changed into new microspheres with a thicker wall; the unit cell model is shown in Figure 14 .
For this model, the finite element method is used for the computation of the equivalent coefficient of thermal conductivity. Due to the same heat transfer characteristics along the three-axis direction of this model, here, we can calculate the equivalent coefficient of thermal conductivity along the y direction. In loading temperature boundary condition and periodic boundary condition, we can get the quantity of heat Due to considering the matrix completely deposited on the microspheres, the heat between microspheres is transferred by the air in the pore which has a lower thermal conductivity coefficient; the heat transfer process can be clearly seen in Figure 18 that most thermal flux transfers through the wall of microspheres.
Crosslinked Model.
Consider that the carbon matrix makes the microspheres crosslink and lets the heat transfer between microspheres. Figure 19 is the representative volume element of the crosslinked model, and Figure 20 is the unit cell of the crosslinked model. The unit cell model is set up using the finite element method, and by loading temperature and periodic boundary conditions, we get the results. Figures 21 and 22 are, respectively, the temperature contours and the heat flux vector diagram. It can be seen that more quantity of heat transfers through the microsphere wall and the matrix between them. There is less heat transfer through other parts. In order to more clearly see the internal heat transfer, we make crosssection images as shown in Figures 23 and 24 . Because of the difference of the thermal conductivity coefficients between the air and the material of the microsphere wall and matrix, it leads to the isotherm distribution in Figures 23 and 24 which clearly shows the heat transfer condition; that is, most of the heat transfers through the microspheres and the matrix which were carbonized.
3.1.3. Microsphere Carbonization Model. Here, we consider the carbonized matrix deposits on fibers. In the microsphere scale, only the wall of microspheres is carbonized, and Figure 25 shows its unit cell model. The unit cell model is established using the finite element method, and by loading temperature and periodic boundary conditions, we get the results. Figures 26 and 27 are, respectively, the temperature contours and the heat flux vector diagram, and Figures 28 and 29 are, respectively, the temperature profile contours and the heat flux vector profile. It can be seen that as the heat is transferred through the air between microspheres, the heat transferred is much less. Table 3 shows the prediction results of the thermal conductivity coefficient of the microsphere scale models. It can be seen that the thermal conductivity coefficient of wrapper model and microsphere carbonization model are less than the crosslinked model. It is because in the two models, the heat transfers through the air and, in the crosslinked model, the heat transfers through the matrix between microspheres, so it has the bigger thermal conductivity coefficient.
Models of Fiber Scale

Fiber Scale Model of Wrapper.
For the fiber scale model, as a result of the random characteristics of the fiber orientation, length, and the distribution, here, we use the finite element model of fiber random distribution. We use the uniformly distributed model to simulate the location, the 
Fiber Scale Model of Crosslinked.
For the crosslinked model of the fiber scale, the finite element model of fiber random distribution is also used, it is the same with that in Section 3.2.1, and the results will be listed later.
Fiber Scale Model of Depositing on Fibers.
For the model of matrix depositing on fibers, we assume that the matrix evenly wraps fibers, so when heat transfers along the fiber direction, as shown in fiber 1 in Figure 32 , it is the parallel model of the fiber and the matrix. When heat transfer is perpendicular to the fiber direction, as shown in fiber 3 in Figure 32 , it is the series model. The actual fiber direction and the heat transfer direction are at a certain angle, such as θ; due to the random fiber orientation, here, we can take an average concept, namely, the parallel model and the series model half and half. Then the new equivalent thermal conductivity coefficient of fibers can be gotten and the finite element model in which the fibers randomly distribute can be established. The volume fraction of the carbonized matrix and fiber in the material are, respectively, φ m0 and φ f 0 ; the percentage of the total volume of the carbonized matrix and fiber is
The thermal conductivity of the fibers adhering to the carbonized matrix is [24, 25] 
20 KV 300 X 100 um KYKY-EM3200 SN:0544 The two diameters are, respectively, recorded as r f 2 and r f 1 , the length of the fiber is l f , and the volume of the single cell is V. Then,
The ratio of the fiber diameter adhering to the matrix and the original is International Journal of Aerospace Engineering Thus, in the new finite element calculation of the fiber scale, the length parameters are the same statistical results as before, and fiber diameter parameters are the calculated results above. Then, the random model of the finite element is established and loaded the temperature boundary condition and periodic boundary condition. For the sake of accuracy, we calculate each model five times and get the average result. The temperature contours and the heat flux vector diagram are shown in Figures 33 and 34 , respectively.
The prediction and the experiment thermal conductivity results of the three fiber scale models were compared, as shown in Table 4 .
As can be seen from Table 4 , for the three types of carbon deposition model, the result of the crosslinked model is agreed well with the measured results and the deviation of the measured values, as shown in Table 5 , is within 20%. And the other two prediction results are tiny. It is indicated that the crosslinked model is a reasonable carbon deposition way which is consistent with the heat transfer mechanism of the material. Figure 5 . According to the foreword, we can see that the thermal conductivity coefficient result of the crosslinked model agrees well with the experimental results. Then, in the finite element random model, we use the crosslinked mechanism. Based on the microstructure statistical parameters, the finite element random model was established and loaded the temperature boundary condition and periodic boundary condition. For the sake of accuracy, we calculate each model five times and get the average result. The temperature contours and heat flux vector diagram are shown in Figures 35 and 36, respectively. The corresponding temperature profile contours and the heat flux vector profile are shown in Figures 37 and 38 , respectively. It can be seen that the heat transfers mainly through the carbonized matrix and the microsphere wall, and the rest of the heat transferring is less. It can be more clearly seen from Figure 38 that microspheres which are closer to each other are connected by the carbonized matrix, so the thermal flux mainly transfers through the wall of microspheres and the carbonized matrix between them. 
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The results of the finite element random model and the experiment are shown in Table 6 . As can be seen, for the carbonized layer of the three kinds of resin-based ablative material, the deviation of the thermal conductivity coefficient between the prediction results and the experimental results is within 10%, which indicates that the established finite element random model can accurately predict the heat transfer characteristics of the carbonized layer.
Conclusions
In this paper, the heat transfer characteristics of the carbonized layer of the resin-based ablative material are investigated from two scales. Three numerical models based on unit cell representation are developed, and the thermal conductivity coefficients are gotten by finite element methods. The prediction results have been compared with the experimental results showing that the crosslinked model of the microsphere scale well coincides with the experimental results. This work is very meaningful for the investigation of the carbon deposition and heat transfer characteristics of the carbonized layer of the thermal insulation material. And as the thermal conductivity coefficient of the carbonized layer cannot be easily measured, the rapid prediction result can give a relatively accurate estimation. It can be meaningful for the material process design.
The main conclusions from this work can be summarized as follows:
(1) After carbonization, the matrix of the resin-based ablative material is mainly deposited between microspheres, and the others are deposited on fibers 
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